Abstract-Bio-plastics are made from renewable biomass sources. We focus on lignin and develop epoxy resins containing lignin derivatives. We describe the preparation and application of epoxy resin containing lignin as a matrix. Soda-lignin (SLG) is obtained from black liquor in a soda pulp process. First, we use a lignin manufacturing process in which a methanol extraction method enabled reduction in the molecular and hydroxyl equivalent weights of lignin and removal of SiO 2 and cellulose. Second, we investigate the ratio of diglycidyl ether of bisphenol-A (DGEBA) and methanol extraction SLG (me-SLG). From the viewpoint of cross-linking density and dielectric properties, 100/84 phr in the DGEBA/me-SLG casting system is found to be preferable. Finally, we try to fabricate an insulating material made up of DGEBA/me-SLG for an aluminum-based printed circuit board, and it achieves standard values.
I. INTRODUCTION

B
IO-PLASTICS have been attracting attention due to the issues of global warming and depletion of petroleum resources. They are made from renewable biomass sources, such as vegetable oil, corn starch, or pea starch. Many studies have been conducted on bio-plastics. We focus on lignin, which is the second most abundant natural biopolymer on earth, and develop epoxy resins containing lignin derivatives. Lignin serves as a matrix component for cellulose and hemicellulose in plants, and provides mechanical strength to biofibers [1] . It is a complex macromolecule composed of a large number of polar functional groups. However, since the phenyl propane unit, which is a monomer of lignin, is bound to other units by ether bonding, there are few active phenolic hydroxyl groups in native-lignin. In order to use the functional G. Komiya, T. Imai, A. Happoya, and T. Fukumoto are with Toshiba Corporation, Tokyo 183-8511, Japan (e-mail: gen.komiya@toshiba.co.jp; takahiro2.imai@toshiba.co.jp; akihiko.happoya@toshiba.co.jp; tsuyoshi. fukumoto@toshiba.co.jp).
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Digital Object Identifier 10.1109/TCPMT.2013.2253836 group of lignin, it is necessary to form it into a low molecule with cleavage of the ether bond [2] . Many researchers have been investigating the use of lignin [3] . Funaoka and his research team developed the phase-separation conversion method, which made native lignin derivatized to "lignophenol" by p-cresol and H 2 SO 4 [4] . They also reported on epoxy-based material with epoxidation of lignophenol [5] , [6] . Katayama and his research team reported the preparation method of 2-pyrone-4,6-dicarboxyic acid (PDC) from the native lignin by two-step reaction. First, the native lignin was degraded into low molecular weight lignin with nitrobenzene oxidation in NaOH solution. Next, those lignin was converted into PDC within bacterium "Sphingomonaspaucimobilis SYK-6" [7] . They also reported that PDC-based epoxy resin was applied to adhesive materials [8] . However, those manufacturing processes need specialized equipment. Because of their high preparation costs, lignin derivatives were inferior to equivalent products made from petroleum. In addition, a few developments have aimed to insulate the material electrical insulation field, which account for 30% of Japan in applications of epoxy resin. We focus on soda-lignin, which is obtained from liquor waste of the soda pulping process, for insulating material. Soda pulping is carried out in kraft pulp processing, in which lignin is decomposed by NaOH under high temperature and pressure [9] . Because soda-lignin is a byproduct of the paper industry, it has certain advantages over the lignin manufacturing process in terms of production volume and cost. Soda-lignin also has advantages from the viewpoint of chemical structure since there has been neither co-mingling of sulfur acid nor introduction of sulfuric oxide. However, a disadvantage of this process is that the raw material of pulp contains cellulose and SiO 2 and the lignin has polydisperse. In this paper, a novel epoxy-based bio-plastic is develped by utilizing the functionality of soda lignin. In addition to the aforementioned advantages of lignin, epoxy resins are important thermosetting commodity polymers. They have excellent performance properties of high strength, good dielectric behavior, and resistance to chemicals and corrosion. Furthermore, the properties of epoxy resins are enhanced by modifying them with curing agents or fillers. Thus, they have been widely used for various applications, such as electronic apparatuses [10] , [11] . Our purpose is to develop a workable lignin manufacturing process and an inexpensive lignin-epoxy resin. Soda-lignin is refined by methanol extraction, and used as a curing agent of epoxy resin. Next, the properties of epoxy resin cured with lignin are investigated. Finally, the application of epoxy-based bio-plastic as an insulating material is considered.
II. EXPERIMENTAL
A. Preparation 1) Soda-Lignin (SLG): Soda-lignin was isolated from black liquor recovered from the soda pulping process as a raw material herbaceous biomass, such as wheat straw and rice straw. Hydrochloric acid was added to the black liquor, and the solution was adjusted to pH 3. After the precipitate was collected and dried, the soda-lignin (SLG) was prepared.
2) Methanol Extracted SLG (me-SLG): 100 g of SLG was poured into 1000 cm 3 of methanol, and the suspension was stirred at room temperature for 12 h. Next, it was filtered, and me-SLG was isolated from the liquid solution by solvent distillation.
B. Analysis
The molecular weights were determined by a Tosoh DP-8020 GPC equipped with a TSK gel GMH column. THF was used as the mobile phase at a constant flow rate of 1.0 cm 3 min −1 . A refractive index detector was selected. The chemical structures were investigated by 13 C CPMAS NMR and FT-IR spectra analysis. NMR spectra were recorded on a Varian NMR System 400 WB at 100.72 MHz. NMR chemical shifts in parts per million (ppm) were reported downfield from 17.17 ppm using hexamethyl benzene as an internal reference. FT-IR spectra were obtained using a Thermoelectron Nicolet4700. The materials were grounded with KBr pellets. Char yield was measured by thermo gravimetry analysis at 800°C under air.
C. Sample Preparation
Epoxy resin cured with me-SLG or SLG (DGEBA/me-SLG or DGEBA/SLG casting system). 5.00 g (100 parts per hundred epoxy resin; phr) of diglycidyl ether of bisphenol-A (Mitsubishi Chemical Co. jEP828; DGEBA) and 4.21 g (84 phr) of me-SLG were poured into THF. 0.05 g (1 phr) of imidazole (Shikoku Chemicals Co. 2E4Mz-CN) were added as a cure accelerator. Structure images of the materials are shown in Fig. 1 . The solvent was distilled under reduced pressure at 60°C. The compounds were placed in a mold and thermally cured at 110°C for 0.5 h and then post-cured at 150°C for 2 h and 180°C for 4 h. The ratio of 63-105 phr in the DGEBA/me-SLG casting systems was achieved in a similar manner. For comparison with the lignin manufacturing process, a specimen of DGEBA/SLG was obtained from 5.00 g of DGEBA cured with 4.21 g (84 phr) of SLG and 0.05 g of imidazole. Furthermore, a conventional material (DGEBA/PN) was also obtained from 5.00 g of DGEBA cured with 2.76 g (55 phr) of phenol novolac and 0.05 g of imidazole. 
D. Measurement
Dynamic mechanical analysis (DMA) was carried out at a constant frequency of 1 Hz at a heating rate of 2°C min −1 . The glass-transition temperature (T g) was obtained from the peak of tan δ. The cross-link densities (ρ) of the cured epoxy resin were determined using (1), where R is gas constant, T is absolute temperature (T g + 40), and E is Young's modulus obtained from DMA of the rubber elasticity region
The flexural and dielectric properties were measured at room temperature according to a JIS K 6911. Viscosity was measured by Rheometric Scientific ARES at 80°C immediately after mixing the DGEBA and me-SLG.
E. Application
We tried to fabricate an aluminum-based printed circuit board by epoxy resin cured with me-SLG. First, 80 wt% (736 phr) of spherical Al 2 O 3 was dispersed in the DGEBA/me-SLG (100/84 phr), and diluted with 2-butanone: methylcellosolve solution (1:1, (v/v)). Next, the Al 2 O 3 -filled DGEBA/me-SLG was applied to the aluminum plate and cured at 100°C for 30 min. Finally, a circuit pattern of copper foil was formed, and post-cured at 180°C for 90 min. Peel strength and solder dip resistance tests were carried out based on JIS C5012, and dielectric withstand voltage of Al 2 O 3 -filled DGEBA/me-SLG was measured between φ25 mm of the copper electrode to the aluminum-based circuit board in insulating oil.
III. RESULTS AND DISCUSSION
A. Characterization of me-SLG and SLG
The characterizations of me-SLG and SLG are shown in Table I . In general, native-lignin has a molecular weight of over than 15 000 g mol −1 in plant cells [12] . However, SLG was formed into a low molecular form in the soda pulp process. Moreover, the molecular weight (M n , M w ) and hydroxyl equivalent weight of me-SLG were lower than that of SLG. The M w /M n of me-SLG was also lower than that of SLG. It is understood that the molecular weight of me-SLG has a narrow distribution in lower molecular weight. The structures of SLG and me-SLG were investigated using 13 C CPMAS NMR and FT-IR spectroscopy. In the FT-IR spectrum (Fig. 2 ) of SLG, a signal could be seen around 1100 cm −1 arising from cellulose, but the signal disappeared in that of me-SLG. Removal of cellulose was confirmed by methanol extraction. By contrast, some signals could be seen in the range of 100-150 ppm from the aromatic structure of lignin in both the me-SLG and SLG NMR spectra (Fig. 3 ) [13] , [14] . The sharp signal at 56 ppm from methoxy group and signals around 30 ppm from propane chain could also be seen in both. From the NMR spectra, me-SLG maintained the aromatic structure of SLG. Those results indicate that the low molecular and hydroxyl equivalent weight of the lignin ingredient, which is more reactive than other lignin, was isolated from SLG by methanol extraction. On the other hand, the char yield of SLG was more than that of me-SLG. This result showed that the ash content, which came from the raw material herbaceous biomass, such as wheat straw and rice straw, was removed by methanol extraction. We will discuss this effect on the physical properties later.
B. DGEBA/me-SLG Casting System
DMA charts of DGEBA/me-SLG and DGEBA/SLG casting systems are shown in Fig. 4 . Because each casting system has one glass temperature, the results indicate that the casting epoxy resin was a homogeneous system. By our previous study, it is clear that phenyl glycidyl ether, which has a similar chemical structure to DGEBA, and coniferyl alcohol, which is a kind of monomer of native-lignin, react as shown in Fig. 5 [15] , [16] . In this case of me-SLG, phenolic hydroxyl of lignin derivative also reacted as a curing agent for epoxy resin. The viscosity, T g, and flexural properties of each casting Table II . The DGEBA/me-SLG casting system has a lower viscosity, and higher flexural strength and T g than the DGEBA/SLG casting system. In general, the higher the molecular weight of prepolymer compound is, the higher its initial viscosity. Because me-SLG has lower molecular weight than SLG (Table I) , DGEBA/me-SLG has lower initial viscosity and better formability. The effect of molecular weight is also indicated by the value of T g and the behavior of tan δ (Fig. 4) . Since me-SLG was formed into a low molecule by soda pulp processing and methanol extraction, the hydroxyl group of me-SLG had more chemical reactivity than native-lignin and SLG. Since reactivity with DGEBA was also better, DGEBA/me-SLG showed higher T g. In addition, because of the narrower molecular weight distribution (M w /M n ) of me-SLG, the DGEBA/me-SLG DMA chart shows a sharp peak of tan δ. DGEBA/me-SLG showed higher flexural strength than DGEBA/SLG. As shown in the SEM images (Fig. 6) , since there was some SiO 2 in the DGEBA/SLG casting system, we think that the destruction of the specimen and the decrease of flexural strength were attributed to the SiO 2 . In contrast, no SiO 2 was observed on the broken-out section surface in the DGEBA/me-SLG casting system. The methanol extraction method enabled reduction in the molecular weight of lignin and removal of SiO 2 . Herbaceous biomass, which is a raw material of pulp, and SLG contain polydisperse lignin and ash including components, such as SiO 2 . Thus, this is a simple process, and can produce lignin at a low cost.
The influence of me-SLG amounts on the cross-link density of cured epoxy resin is shown in Fig. 7 . The cross-link density showed a local maximum value at 84 phr of me-SLG. The phenol group of me-SLG and the epoxy group carry out a curing reaction and form a network polymer. The hydroxyl groups on the aromatic ring in me-SLG reacted in an equivalent manner as a phenolic hardener in traditional epoxy-phenolic curing reaction. The influence of me-SLG amounts on dielectric properties of cured epoxy resin is shown in Fig. 8 . Both dielectric constant and tangent show a local minimum value around 84 phr of me-SLG. The ratio of me-SLG accorded with the maximum point of cross-link density. Because residual dipoles, such as phenolic hydroxyl and epoxy groups increase the material's dielectric constant, it could be understood from the dielectric property that 100/84 phr is also an equivalence point of DGEBA and me-SLG. For insulating materials, a low dielectric constant has been demanded for increasing propagation velocity, and a low dielectric tangent has also been demanded for decreasing the dielectric loss. Hence, we developed an insulating material for printed circuit boards with 100/84 phr.
C. DGEBA/me-SLG as Insulating Material Aluminum-Based Printed Circuit Board
The general properties of DGEBA/me-SLG were shown in Table III provided in Figs. 9 and 10 . DGEBA/me-SLG showed higher glass-transition temperature than DGEBA/PN. On the other hand, the insulation and mechanical properties showed lower. These characteristics were determined to be a level of no problem for printed circuit boards.
We filled 80 wt% of Al 2 O 3 into DGEBA/me-SLG, and performed a trial manufacture an aluminum-based printed circuit board as shown in Fig. 11 . The printed circuit board achieved the internal standard value, such as peel strength (above 1.5 N cm −1 ), dielectric withstand voltage (above 2.0 kV), and solder dip resistance (over 260°C for 20 s × 5 cycles).
IV. CONCLUSION
In this paper, SLG was isolated from black liquor waste fluid of the paper pulp industry. We prepared lignin derivatives from this SLG, and investigated the properties of epoxy resin cured with lignin. The results were summarized below.
1) me-SLG formed into a low molecule and hydroxyl equivalent weights were obtained from SLG using the methanol extraction method. The DGEBA/me-SLG casting system has a lower viscosity, and higher flexural strength and T g than the DGEBA/SLG casting system. 2) me-SLG worked as a phenolic hardener in the DGEBA/me-SLG casting system. The 84 phr ratio of me-SLG showed a local maximum of cross-link density and local minimum of dielectric properties. 3) DGEBA/me-SLG could be applied to insulating materials on an aluminum-based printed circuit board. The aluminum-based printed circuit board made up of DGEBA/me-SLG insulating material filled with 80 wt% of Al 2 O 3 achieved standard values.
